Abstract: Limitations of phenotypic plasticity affect the success of individuals and populations in changing environments. We assessed the plasticity-history limitation on predator-induced defenses in anurans (Wood Frogs, Lithobates sylvaticus (LeConte, 1825), and Northern Leopard Frogs, Lithobates pipiens (Schreber, 1782)), predicting that plastic responses to predation risk by dragonfly larvae (family Aeshnidae) in the embryonic environment would limit the defensive response to predators in the larval environment. Predator-conditioned Wood Frog embryos increased relative tail depth in response to those same cues as larvae, whereas predator-naive tadpoles did not. However, no carryover effect was noted in the behavioural response of Wood Frog tadpoles to predation risk. Predator-naive Northern Leopard Frog tadpoles increased relative tail depth in response to predation risk in the larval environment. Predator-conditioned Northern Leopard Frog embryos hatched with, and maintained, a marginal increase in tail depth as larvae in the absence of predation risk. Predator-conditioned Northern Leopard Frog embryos exposed to predation risk as larvae showed no morphological response. While we find no strong support for the plasticity-history limitation per se, carryover effects across embryonic and larval life-history stages were noted in both Wood Frog and Northern Leopard Frog, suggesting that predation risk early in ontogeny can influence the outcome of future interactions with predators. Résumé : Les limitations de la plasticité phénotypique ont une incidence sur le succès des individus et des populations dans les milieux changeants. Nous avons évalué la limitation des défenses induites par les prédateurs associée à l'historique de plasticité chez des anoures (grenouille des bois, Lithobates sylvaticus (LeConte, 1825), et grenouille léopard, Lithobates pipiens (Schreber, 1782)), prédisant que les réactions plastiques au risque de prédation par des larves de libellule (famille AEshnidés) dans le milieu embryonnaire limiteraient la réaction de défense contre les prédateurs dans le milieu larvaire. Des embryons de grenouille des bois conditionnés à la présence de prédateurs accroissaient la profondeur relative de leur queue en réponse aux mêmes signaux en tant que larves, ce que ne faisaient pas les têtards non conditionnés à la présence de prédateurs. Cependant, aucun effet de transmission n'a été noté dans la réaction comportementale au risque de prédation par les têtards de grenouille des bois. Les têtards de grenouille léopard non conditionnés accroissaient la profondeur relative de leur queue en réponse au risque de prédation dans le milieu larvaire. En l'absence de risque de prédation, les embryons de grenouille léopard conditionnés à la présence de prédateurs présentaient une augmentation marginale de la profondeur de la queue à l'éclosion, augmentation maintenue par les larves. Les embryons de grenouille léopard conditionnés à la présence de prédateurs et exposés à un risque de prédation en tant que larves ne montraient aucune réaction morphologique. Si nous ne notons aucun indice clair de l'existence d'une limitation découlant de l'historique de plasticité en soi, des effets de transmission du stade embryonnaire au stade larvaire ont été notés tant chez les grenouilles des bois que chez les grenouilles léopards, donnant à penser qu'un risque de prédation tôt dans l'ontogenèse peut influencer le résultat des interactions futures avec des prédateurs. [Traduit par la Rédaction] 
Introduction
Plasticity, the capacity of a phenotypic trait to be modified in response to environmental cues within the lifespan of an individual, is adaptive and the ability to be plastic is itself a heritable trait favoured by selection when environmental conditions are variable but constrained to a predictable gradient (Scheiner 1993; Via et al. 1995) . Plasticity in behaviour, morphology, and life history can have direct influences on population-level processes under different environmental conditions (Kishida et al. 2010; Reed et al. 2010 ). More specifically, plasticity in response to predation risk can alter food-web dynamics (Beckerman et al. 1997; Van Buskirk and Schmidt 2000) and can influence antagonistic and mutualistic interactions between species (Agrawal 2001) , thereby driving evolutionary divergence in novel habitats (Prokopy et al. 1982; Pigliucci et al. 2006) . Understanding the limitations acting on plasticity is therefore fundamental both to our knowledge of the current ecology and evolutionary history of species and to our ability to predict the capacity of those species to respond to novel environmental changes.
Plastic responses early in ontogeny may negatively affect an organism's ability to respond to those same environmental cues later in ontogeny; this is called a plasticity-history limitation (Weinig and Delph 2001; Van Kleunen and Fischer 2005; Auld et al. 2010 ). Plasticity-history limits are expressed when the magnitude of plastic response by an organism to particular environmental cues is constrained by a previous (i.e., earlier in ontogeny) trait change (Auld et al. 2010) . For example, Weinig and Delph (2001) describe how morphological responses (stem elongation) to a reduction in the ratio of red to far-red wavelengths of light caused seedlings of velvetleaf (Abutilon theophrasti Medik.) to become less responsive to a second reduction in the ratio of red to far-red wavelengths later in development. In this case, the competitive advantage of elongated stems in the environment was constrained by limitations on the structural integrity of the plant (Weinig and Delph 2001) . However, this plasticity-history limit could be compensated for in a high-density environment where neighbouring plants can increase stability for long-stemmed individuals, suggesting plasticity-history limitations can reflect both developmental and environmental constraints (Weinig and Delph 2001) .
A similar plasticity-history limitation could be manifested in organisms displaying inducible defenses in response to predation risk. For example, plasticity-history limits on defensive traits expressed early in development, such as a decrease in foraging activity, should be costly to manifest repeatedly over time, as a reduction in resource acquisition would constrain growth and development. To compensate for such a limitation, we would predict high reversibility of the behavioural response and a decrease in responsiveness as the energetic demands for other processes grow. Both of these compensatory mechanisms have been documented, to some extent, in the behavioural defenses of amphibian larvae (Relyea (2003) and Laurila et al. (2004) , respectively). Under natural conditions, the direct effects of predators (i.e., decreased conspecific density due to removal of individuals from the population) can act as environmental compensation by lowering competition for resources in later life-history stages (Vonesh 2005) . There is also the potential for developmental compensation if other defensive traits (such as morphological plasticity) are traded off with behavioural responses during ontogeny (Relyea 2003) . The manifestation of any of these compensatory mechanisms would provide empirical evidence of limitations acting on the inducible defenses of prey.
An explicit test of the plasticity-history limitation on inducible defenses would examine how plasticity in response to predation risk during an early life-history stage affects the magnitude and (or) type of response to predation risk later in development. Studies that examined carryover effects of predation risk across lifehistory stages have been largely focused on transitions that are accompanied by dramatic changes in environment, notably an air-water transition (Van Buskirk and Saxer 2001; Vonesh 2005; Nicieza et al. 2006; Capellán and Nicieza 2007; Gomez-Mestre et al. 2010) . In these studies, both abiotic and biotic conditions are vastly different between early and later life-history stages; however, the plasticity-history limitation is predicated on the limitation imposed by sequential responses to the same environmental cues. Therefore, in our study, we examine limitations imposed by plastic responses to predation-risk cues in an aquatic environment alone.
Many amphibian species are known to detect and respond to predation risk at both the embryonic and the larval stages (Chivers et al. 2001; Laurila et al. 2002; Ireland et al. 2007; Mandrillon and Saglio 2007) . Embryos can learn to associate risk with novel predators when exposed to chemical cues from both the predator and the injured conspecifics Chivers 2009, 2011) . Embryos may delay hatching in response to larval predators so that hatchlings are larger and more developmentally advanced (Sih and Moore 1993; Ireland et al. 2007 ). Tadpoles exposed to odonate predation risk typically reduce their activity and develop deeper tails relative to body size (Relyea and Werner 2000; Relyea 2001 ). Lower activity levels decrease encounter rates with ambush predators and therefore increase survival (Anholt and Werner 1995; Van Buskirk and McCollum 2000) . Similarly, deeper tails can increase survivorship by acting as lures to draw dragonfly strikes away from the vulnerable head and body (Van Buskirk et al. 2003) . Tadpoles lacking these inducible defenses suffer greater mortality rates in high predation-risk environments (Van Buskirk and McCollum 2000; Van Buskirk et al. 2003) . If larval plasticity is limited by plasticity in early ontogeny, an embryonic response to predation risk should constrain the magnitude of potential responses during larval development. Therefore, a plasticity-history limitation would be manifest if tadpoles hatched from predatorexposed eggs did not, in turn, demonstrate an induced defense in response to larval predation risk. Alternatively, in the absence of a plasticity-history limitation, a carryover effect would be evident if the induced defense is maintained in the larval stage in the absence of larval predators.
The purpose of our experiment was to explicitly test for a plasticityhistory limitation on phenotypic plasticity in a vertebrate system. We explored plasticity-history limitations in the Wood Frog (Lithobates sylvaticus (LeConte, 1825)) and Northern Leopard Frog (Lithobates pipiens (Schreber, 1782)) by examining risk-related tradeoffs and carryover effects between the embryonic and the larval life-history stages. Both frog species are early-spring breeders and can overlap in reproductive habitat (Werner 1992; Werner and Glennemeier 1999) ; they have similar larval responses to predation risk from odonate predators, including reducing activity and increasing tail-fin depth or tail-muscle depth (Relyea and Werner 2000; Relyea 2001 ). However, Wood Frog spring breeding habitats are typically fish-free vernal ponds or small pools (Petranka and Thomas 1995; Baldwin et al. 2006) . In contrast, Northern Leopard Frogs choose a wider variety of breeding habitats, including the floodplains of permanent bodies of water (Gilbert et al. 1994) . Therefore, variability in plasticity is also expected between species, given the variability in selection pressures such as hydroperiod, interspecific competition, and predation risk among populations. We hypothesize that if plasticity-history limitation exists, it will be manifest between embryonic and larval responses to predation risk as a trade-off in which eggs exposed to larval predation risk will alter hatching phenology and (or) embryonic morphology, and that those previously exposed embryos will develop into tadpoles showing reduced predator-induced phenotypes in the presence of larval predator cues.
Materials and methods

Egg collection and rearing
The experiment was conducted using frog eggs collected near Peterborough, Ontario (44°20=N, 78°11=W), over two summers: six Wood Frog egg masses were collected in May 2011 and six Northern Leopard Frog egg masses were collected from captive-bred wild frogs in May 2013. Predators (late-instar dragonfly nymphs, family Aeshnidae) were collected from nearby ponds in both years. Six Wood Frog clutches were split into strands of 10-15 eggs each and then mixed into groups of approximately 100 eggs, which were placed in plastic tanks filled with 10 L of aged tap water. Each tank contained a plastic floating breeding cage with a short piece of rubber tubing to act as a dragonfly perch, and half of the cages contained a late-instar dragonfly nymph (predator treatment, n = 6 replicates) while the other half remained empty (control treatment, n = 6 replicates). Hatching was defined as the timing of embryo emergence from their jelly coats; tanks were checked every 2 h (during the day) to 6 h (overnight) for hatching success. Within 24 h of complete hatching, five embryos were haphazardly chosen from each tank and photographed laterally against a scale bar. Embryo total length (mm) and tail depth (mm) were then measured from photographs using the program ImageJ (Rasband 2012) . After all eggs had hatched, discarded jelly coats were removed and half of the tadpoles (n ≈ 45) were placed in a new plastic tank filled with 10 L aged tap water, where they were exposed to presence or absence of the caged dragonfly nymph predator (n = 6 replicates per treatment). The other half of the tadpoles remained in the same tank (after a full water change) with the same treatment as their embryonic exposure. Our experiment was thus a 2 × 2 factorial design: (i) no predator in either environment (control), (ii) predator present during embryonic development only, (iii) predator present during larval development only, and (iv) predator present during both embryonic and larval development. Tadpoles were fed ground algae discs (Wardley Algae Discs™ or Omega One Veggie Rounds™) ad libitum and half water changes were done twice a week. Tanks were placed in an outdoor enclosure and thereby subject to natural light cycles and temperatures. Dragonfly nymphs were maintained on three conspecific tadpoles, fed twice weekly. The above experiment was duplicated in 2013 using Northern Leopard Frogs from five clutches (the sixth clutch collected was not viable).
Once tadpoles had reached Gosner stage 25 (Gosner 1960) , we conducted behavioural assays 4 days per week, between the hours of 0800 and 1000, by counting the number of tadpoles that were active (showed any movement) within 30 s. Tadpole morphology was recorded every week for 6 weeks by haphazardly removing and photographing five tadpoles from each tank using a Nikon D70 digital SLR camera equipped with a Tamron 90 mm macro lens against a scale bar. Tadpoles were blotted dry, weighed on a microbalance, then staged (according to Gosner 1960) by viewing under a dissecting microscope, before being returned to the treatment tank. Experiments ended on 5 July 2011 for Wood Frogs and 2 July 2013 for Northern Leopard Frogs, at which point tadpoles were euthanized with an overdose of tricaine methanosulfonate (MS-222). All experiments were carried out according to the guidelines of the Canadian Council on Animal Care, under Trent University Animal Use protocols Nos. 12022 and 13002, and complied with Canadian law.
Statistical analyses
Hatching
Timing of hatching was analyzed for each species using time to 50% hatching (h) and total hatching time (from onset to 100% hatched; h); hatchling relative tail depth was calculated as the residuals of an ordinary least-squares regression of tail depth (mm) on total length (mm) for each species (Wood Frog: R 2 = 0.66, P < 0.001; Northern Leopard Frog: R 2 = 0.30, P < 0.001). Tanks were arranged in rows (three rows in 2011 and two rows in 2013) against a concrete wall in such a way that rows farther from the wall were exposed to sunlight for longer periods of time, effectively increasing the temperature in these tanks on sunny days. We therefore analyzed dependent variables using a nested design with treatment as a fixed factor nested within row. Tank temperatures were measured daily as part of our water-quality monitoring and we noted that the temperature difference among rows was lost as vegetation leafed out over the fenced roof of the enclosure after hatching, effectively shading all tanks. To account for potential carryover effects of embryonic temperature on larval traits, we originally included row as an additional factor in all larval analyses. However, we found no significant main or interactive effects of row on larval traits for either species; therefore, we excluded row as a factor in the larval trait analyses and results reported below.
Behaviour
We used a repeated-measures ANOVA, with embryonic and larval environments as fixed factors, to assess differences in the proportion (arcsine and square-root transformed) of active tadpoles per tank over 14 days from 30 May to 28 June for Wood Frog (2011) and Northern Leopard Frog (2013) .
Morphology
A variety of methods are used to describe size-independent shape changes in response to predation risk in tadpoles, ranging from geometric morphometrics (Dayton et al. 2005; Johnson et al. 2008) to linear measurements (Van Buskirk and McCollum 2000; Relyea 2001; Van Buskirk and Arioli 2002) ; however, morphological responses are consistently related to changes in the tail-fin depth relative to body size. As such, we decided to use masscorrected tail depth as our response variable of morphological plasticity. To calculate mass-independent tail depth, we first conducted ANCOVAs of raw tail depth (mm) by treatment (categorical factor with four levels: predator always present, predators never present, predators in the embryonic environment, and predators in the larval environment) with tadpole mass (g) as the covariate for each week. We used data from weeks 3 to 6 only, as tadpole mass interacted significantly with treatment during weeks 1 and 2, thus violating the requirement that regression lines be parallel between treatments in our size correction (Schoeppner and Relyea 2009 ). Mass-independent estimates of tail depth were then calculated for every tadpole by adding the residuals from the ANCOVAs to the estimated marginal means of each treatment (McCoy et al. 2006; Schoeppner and Relyea 2009 ). We then used the tank means of mass-corrected tail depths in a repeatedmeasures ANOVA, with larval and embryonic environments as fixed factors and week as the repeated measure.
Growth and development
To analyze the effect of predation risk in the larval and embryonic environments on growth and development, we used a repeatedmeasures ANOVA with tank means of mass (g) or developmental stage from weeks 3 to 6 as the response variables and embryonic and larval environments as fixed factors. As developmental stage was the tank mean, it was treated as a continuous variable (Laurila et al. 2002; Ireland et al. 2007 ).
All statistical analyses were performed (and graphs were created) using STATISTICA version 10 (StatSoft, Inc. 2011). Assumptions of statistical analyses were tested and met, following transformations as noted above. Significance was set at ␣ < 0.05. Carryover effects are predicted to be manifest through significant interactions between embryonic and larval environments on dependent variables.
Results
Wood Frogs
Hatching
We found no effect of predation risk on hatching timing (time to 50% hatch: F [3, 6] = 0.51, P = 0.69; total hatching time: F [3, 6] = 0.56, P = 0.66); however, we do note a nonsignificant trend towards an increase in relative tail depth in Wood Frog hatchlings exposed to predation risk (F [3, 6] = 3.77, P = 0.08; Fig. 1A ). Row neither affected hatching timing (time to 50% hatch: F [3, 6] = 0.72, P = 0.53; total hatching time: F [3, 6] = 0.79, P = 0.50) nor significantly affected hatchling morphology in Wood Frog tadpoles (F [3, 6] = 2.62, P = 0.15).
Behaviour
Wood Frog tadpoles showed a significant decline in activity when exposed to predation risk in the larval environment alone (F [1, 20] = 7.67, P = 0.01; Fig. 2A ). Exposure to predation risk in the embryonic environment had no effect on tadpole behaviour (F [1, 20] = 0.60, P = 0.45); there was also no interaction between embyronic and larval treatments on tadpole activity (F [1, 20] = 1.18, P = 0.29). Activity varied by day (F [13, 260] = 25.54, P < 0.001) and we also noted a significant two-way interaction between day and larval environment (F [13, 260] = 1.80, P = 0.04). There was no interaction, however, between day and embryonic environment (F [13, 260] = 0.93, P = 0.53) on Wood Frog tadpole activity. There was also no interaction between day, larval, and embryonic environment (F [13, 260] = 1.73, P = 0.06) on Wood Frog tadpole activity. It is difficult to infer any particular biological meaning from the statistical interaction between day and larval treatment, though it likely reflects the naturally high variation in activity level between days coupled with variability in the concentration of predation-risk cues on any given day (Fig. 2C) .
Morphology
Wood Frog tadpoles exposed to predation risk in both the embryonic and larval environments had significantly deeper tails than tadpoles exposed in either environment alone, as well as those tadpoles that had never been exposed to predator cues (embryonic × larval: F [1, 20] = 9.51, P = 0.01; Fig. 3A ). Exposure to predator cues in either environment alone did not affect relative tail depth in Wood Frog tadpoles (embryonic: F [1, 20] = 1.65, P = 0.21; larval: F [1, 20] = 0.57, P = 0.48).
Relative tail depth increased significantly over 4 weeks (F [3, 60] = 79.98, P < 0.001). Tadpoles exposed to predation risk in the embryonic environment had relatively deeper tails than controls during weeks 3 and 4; however, this difference was lost in weeks 5 and 6 (F [3, 60] = 3.84, P = 0.01; Fig. 3B ). There was no interaction between larval exposure and week on relative tail depth (F [3, 60] = 0.09, P = 0.97). There was also no three-way interaction effect on tail depth (embryonic × larval × week: F [3, 60] = 0.47, P = 0.71).
Growth and development
Wood Frog tadpoles increased in mass (F [3, 60] = 53.56, P < 0.001) and developmental stage (F [3, 60] = 96.83, P < 0.001) over 4 weeks. However, there was no effect of predation risk on either mass (embryonic: [1, 20] = 0.00, P = 0.97). We do note a significant three-way interaction between week, embryonic, and larval environment on tadpole development (F [3, 60] = 3.46, P = 0.02). Tadpole development was slower for those individuals exposed to predators in the larval environment only, but only during weeks 4 and 5 (Fig. 4) . By week 6, there are no differences in developmental stage between treatment groups (Fig. 4 ). There were no other significant interactions between week and environmental exposure for either mass or stage (P > 0.05, in all cases).
Northern Leopard Frogs
Hatching
Northern Leopard Frog eggs in the sunniest row hatched more quickly than in the shaded row (time to 50% hatch: F [1.8] = 8.64, P = 0.02; total hatching time: F [1.8] = 8.63, P = 0.02); however, we found no effect of predation risk on hatching timing (time to 50% hatch: F [2, 8] = 0.96 P = 0.42; total hatching time: F [2, 8] = 0.02, P = 0.98). Row did not affect hatchling morphology in Northern Leopard Frog tadpoles (F [1, 8] = 0.04, P = 0.85), although, like the Wood Frogs, hatchlings exposed to predation risk as eggs showed a nonsignificant trend towards relatively deeper tails (F [2, 8] = 3.71, P = 0.07; Fig. 1B ).
Behaviour
Northern Leopard Frog tadpoles did not respond behaviourally to predation risk in either the larval environment (F [1, 20] = 3.00, P = 0.10) or the embryonic environment (F [1, 20] = 0.71, P = 0.41; Fig. 2B) ; there was also no interaction between embryonic and larval environments on activity (F [1, 20] = 0.25, P = 0.70). Activity varied significantly by day (F [13, 260] = 18.42, P < 0.001), although there were no significant interactions between day and either embryonic or larval environment on activity (P > 0.10, in all cases).
Morphology
There was a significant interaction between embryonic and larval exposure on relative tail depth (embryonic × larval: F [1, 20] = 39.74, P < 0.001). Tadpoles exposed to larval predator cues in the embryonic environment tended to have relatively deeper tails than predator-naive tadpoles when there was no risk of predation in the larval environment (Fig. 5A) . However, this increased tail depth in predator-conditioned tadpoles was not observed if tadpoles were also exposed to predation risk during larval development (Fig. 5A) . Predator-naive tadpoles exposed to predation-risk cues as larvae responded by increasing relative tail depth (F [1, 20] = 9.35, Fig. 1 . Boxplot (mean ± SE (box) ± SD (whisker)) of relative tail depth (residuals of tail depth (mm) regressed against total length (mm); see text for details) of Wood Frog (Lithobates sylvaticus) (A) and Northern Leopard Frog (Lithobates pipiens) (B) hatchlings after exposure to predation risk (caged Aeshnidae dragonfly nymph) or an empty cage (control) during embryonic development. P < 0.001) and there was no effect of embryonic exposure alone on relative tail depth (F [1, 20] = 0.41, P = 0.53).
Relative tail depth increased over 4 weeks (F [3,60] = 144.81, P < 0.001), and we noted a significant three-way interaction between week, embryonic, and larval exposure to predation risk (F [3, 60] = 3.79, P = 0.02) in which differences in relative tail depth between treatment groups diminished by the 5th and 6th weeks of exposure (Fig. 5B ). There were no other significant interactions between week and embryonic or larval treatment (P > 0.05, in both cases).
Growth and development
Northern Leopard Frog tadpoles increased significantly in mass and developmental stage over 4 weeks (mass: F [3,60] = 75.50, P < 0.001; stage: F [3,60] = 100.04, P < 0.001). There was a significant three-way interaction between week, embryonic exposure, and larval exposure to predation risk on tadpole mass in that tadpoles exposed to risk in either environment grew more quickly in week 6 than those never exposed to predation risk, and those exposed as both embryos and larvae (F [3, 60] = 2.96, P = 0.04; Fig. 6 ). There were no other significant direct or interactive effects of predation risk on either tadpole mass or tadpole developmental stage (P > 0.05, in all cases).
Discussion
Wood Frogs
Wood Frog tadpoles demonstrated a carryover effect of embryonic exposure to predation risk in morphological plasticity dur- ing larval development. Embryonic exposure to larval predator cues resulted in hatchlings with a marginally significant increase in relative tail depth; continued exposure to larval predator cues during larval development resulted in tadpoles with significantly deeper tails in comparison with controls. A similar morphological response was not found when tadpoles were predator-naive (i.e., not exposed to larval predator cues in the embryonic environment). This lack of morphological response in predator-naive tadpoles is surprising, given the volume of literature describing an increased relative tail depth in studies of larval Wood Frogs (typically starting at Gosner stage 25) exposed to dragonfly predator cues (Van Buskirk and Relyea 1998; Relyea 2002; Middlemis Maher et al. 2013 ). However, the timing of exposure to predation-risk cues has been found to influence the induction of defensive mor- Fig. 3 . Mean (±SE) relative tail depth (residuals of tail depth (mm) regressed against body size (PC1; see text for details on how body size was calculated)) of Wood Frog (Lithobates sylvaticus) tadpoles exposed to caged Aeshnidae dragonfly nymphs in the embryonic and (or) larval environment averaged over 6 weeks (A) and in the embryonic environment alone averaged by week from weeks 3 to 6 (B). phologies in Northern Leopard Frogs (Hossie and Murray 2012) and behavioural responses in Grey Treefrogs (Hyla versicolor LeConte, 1825) (Relyea 2003) . Tadpoles are more responsive (morphologically or behaviourally, respectively) to exposure to predation-risk cues early in larval development (Relyea 2003; Hossie and Murray 2012) . Additionally, Wood Frog embryos are able to associate predation risk with chemical cues from novel predators when those predator cues are paired with the alarm cues of injured, larval conspecifics (Mathis et al. 2008) . It is possible that our population of Wood Frogs are developing associations between predation risk and predator cues early in ontogeny, and that the lack of opportunity to create these associations may limit the response to predators later in development for predator-naive tadpoles. Indeed, the marginally significant effect of embryonic exposure on relative tail depth was notable for up to 3 and 4 weeks after hatching, regardless of the continued presence of larval predators, suggesting defensive morphology in Wood Frog tadpoles is influenced by embryonic exposure to cues of larval predation risk.
Unlike morphological responses, behavioural responses to predationrisk cues among our Wood Frog tadpoles do not appear to be the result of a learned association, as tadpoles decreased activity in response to cues from conspecific-fed dragonfly larvae regardless of embryonic experience. However, this lack of evidence of a learned association is not a general characteristic of behavioural responses in Wood Frog tadpoles. Mathis et al. (2008) found that Wood Frog tadpoles could learn as embryos to associate predation risk with unfamiliar predators through conditioning with novel predators and injured conspecific cues, as evidenced by behavioural changes when exposed to those same predator cues as tadpoles. Furthermore, learned behavioural responses are threat-sensitive, with tadpoles increasing their subsequent antipredator behavioural response to predator cues when, as embryos, they were exposed to higher concentrations of injured tadpole cues coupled those same novel predator cues (Ferrari and Chivers 2010) . Thus, behavioural responses in Wood Frogs to predation risk can result from embryonic conditioning to predator cues.
In our study, behavioural response to predation risk in Wood Frog tadpoles appears to be innate, as it was dependent on the current presence or absence of larval predators and was not affected by prior exposure to larval predator cues in the embryonic environment. In a common-garden experiment on Wood Frog tadpoles from the E.S. George Reserve in Michigan, USA, Relyea (2002) found tadpoles from eight different populations all responded to dragonfly predator cues by decreasing activity. While the magnitude of the behavioural response to predation risk varied by population, none of the tadpoles had prior embryonic exposure to either dragonfly cues or cues from older, injured conspecifics (Relyea 2002) . Thus, the behavioural responses to predation risk by dragonfly larvae among these and our populations appear to represent a genetically based, naturally selected response to a specific predator.
Northern Leopard Frogs
Northern Leopard Frog tadpoles showed evidence of a carryover effect in our experiment; however, the nature of this carryover (Gosner 1960) averaged by week for weeks 3-6 after hatching of Wood Frog (Lithobates sylvaticus) tadpoles exposed to caged Aeshnidae dragonfly nymphs in the embryonic and (or) larval environment. Fig. 5 . Mean (±SE) relative tail depth (residuals of tail depth (mm) regressed against body size (PC1; see text for details on how body size was calculated)) of Wood Frog (Lithobates pipiens) tadpoles exposed to caged Aeshnidae dragonfly nymphs in the embryonic and (or) larval environment averaged over 6 weeks (A) and averaged by week from weeks 3 to 6 (B).
effect was a trade-off between exposure in the embryonic environment and exposure in the larval environment to larval predator cues. Predator-naive Northern Leopard Frog tadpoles responded to dragonfly predator cues by increasing relative tail depth. Predator-conditioned tadpoles showed no such morphological response, although embryos exposed to dragonfly predator cues hatched with marginally significantly deeper tails that were maintained throughout larval development in the absence of predation risk. Furthermore, tadpoles exposed in either the embryonic or the larval environment showed increased growth rate at 6 weeks after hatching, while tadpoles exposed continuously throughout development had comparable growth rates to controls. Interestingly, Northern Leopard Frog tadpoles did not show any significant behavioural response to predation risk in any environment, suggesting that, as in Wood Frog tadpoles, morphological and behavioural responses to predation risk are functionally independent.
Tadpoles with relatively deeper tails have higher survivorship in the presence of predatory dragonfly larvae than tadpoles with shallower tail fins (Van Buskirk and Relyea 1998) . In our study, Northern Leopard Frog embryos exposed to larval predator cues hatched with, and retained, marginally deeper tails than predatornaive tadpoles. Predator-naive tadpoles, however, increased their relative tail depth significantly in response to predation risk over 3-4 weeks of exposure. Interestingly, tail-depth effects were lost over time as all tadpoles, regardless of predation-risk exposure, had similarly deep tail fins after 6 weeks of development. Hossie and Murray (2012) observed a similar phenomenon in Northern Leopard Frog tadpoles after 6 weeks of development, and suggest either that the increased tail depth affords greater thrust to a swimming tadpole to offset the drag caused by the developing limb buds later in development (energy efficiency hypothesis) or that tadpoles become increasingly vulnerable to predators as they near metamorphosis (innate predator defense hypothesis). Although our experiments cannot distinguish between the two hypotheses, we do provide evidence that this phenomenon is both repeatable and measureable in multiple species. Furthermore, Northern Leopard Frog tadpoles in our experiment showed a curious effect in which growth was accelerated at week 6 in those same treatment groups that had relatively deeper tails at weeks 3 and 4. A size refugium can alter the growth -predation risk tradeoff by increasing survivorship once prey reach a body size larger than a predator's gape (Babbitt and Tanner 1998; Chase 1999; Bell et al. 2011) . It is possible that tadpoles are switching antipredator tactics at this time to increase body size as a response to changes in relative vulnerability as they near metamorphosis, though further research is required to test this hypothesis.
General conclusion
The plasticity-history limitation hypothesis postulates that plastic responses are constrained by previous responses earlier in ontogeny (Auld et al. 2010 ). Although we note significant carryover effects of exposure to larval predator cues for both Wood Frog and Northern Leopard Frog tadpoles, the nature of these Fig. 6 . Mean (±SE) mass (g) averaged by week for weeks 3-6 after hatching of Northern Leopard Frog (Lithobates pipiens) tadpoles exposed to caged Aeshnidae dragonfly nymphs in the embryonic and (or) larval environment. effects does not support the predictions of the plasticity-history limitation in Wood Frogs and only provides weak support in Northern Leopard Frogs. Wood Frog tadpoles increased the magnitude of morphological response later in ontogeny when conditioned to predation-risk cues as embryos. Instead of a limitation, early exposure to predator cues appears to have created or strengthened the association tadpoles developed between dragonfly larvae and predation risk in Wood Frogs. In contrast, Northern Leopard Frogs did exhibit limited morphological plasticity in response to predation-risk exposure during both embryonic and larval developments; however, we did not find a significant morphological response to predation risk in the embryonic environment alone. Therefore, while we do not show evidence of the plasticity-history limitation per se, Northern Leopard Frog tadpoles appear to be either constrained morphologically, or potentially desensitized, by the presence of larval predator cues in both embryonic and larval environments. Taken together, our findings suggest that environmental cues experienced early in ontogeny, even in the embryonic environment, can have fitness consequences on later life-history stages.
